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Mesoscale x-ray diffraction measurement of stress relaxation associated
with buckling in compressed thin films
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Compressed thin films deposited on substrates may buckle depending on the geometrical and
mechanical properties of the film/substrate set. Until recently, the small dimensions of the buckling
have prevented measurements of their local in plane internal stress distribution. Using a scanning
x-ray microdiffraction technique developed at a third generation x-ray synchrotron source, we
obtained thin film internal stress maps for circular blisters and telephone chord buckling with
micrometric spatial resolution. A fair agreement was found between the film delamination topology
observed by optical microscopy and the measured stress maps. We evidenced residual stress
relaxation associated with the film buckling: the top is essentially stress free while adherent region
exhibits large compressive stresses. 2@03 American Institute of Physics.
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Thin films are used in many technological areas such astress mapping at a micron scale and recent works have il-
microelectronics and bio medical applicatiditeplantg, in-  lustrated its potentialities in epitaxial lateral overgrown
volving small dimensional devices, called microelectrome-(ELO) GaN on Si substrator around a microindentation
chanical systems. Their reliability is principally dependenton Si? Another suitable nondestructive optical microprobe
on the mechanical stability of the film/substrate set and thusechnique based on &t piezospectroscopy has also been
on the intrinsic mechanical and adhesion properties of thapplied for residual stress mapping in alumina films formed
film. by oxidation of alumina-forming alloy®'! However, these

Physical vapor deposition techniques are widely used inechniques may only be considered for specific materials
related industries and resulting thin films bonded on nonepisuch as ceramics, oxides and semiconductors with well-
taxial substrates generally exhibit large residual stresses dukefined microstructure and thus does not hold for pure met-
to the mismatch between the film and the substrate. Theiils.
structure, morphology—grain size and stress state are tightly In this work, we apply a scanning x-ray microdiffraction
controlled by the deposited atom energy. For instance, iolluSXRD) technique capable of resolving stress variations at
beam sputtering induces nanometric grain sizes, strong conmicron level in nanocrystalline sampl&sThis technique
pressive residual stresses, and a large amount of unit caklkes advantage of x-ray focusing optics at synchrotron
defects. A compressive in plane stress can spontaneousdpurces of third generation, allowing one to obtain micron to
lead the film to buckle in order to relieve this stress; thissubmicron size intense x-ray probes, large area charge
phenomenon generally happens when the film deposited uroupled device(CCD) technology, and analytical methods
der vacuum is submitted to the atmospheric pressure outsider fast data collection and reduction with no required
the deposition chamber. Buckling patterns could have &ample or detector rotation.
simple shape like circular blistef®i or Au on Sj or more Investigated samples are 630 nm Au and 300 nm W
complex ones like “telephone chord” wrinkles. These effectspolycrystalline thin films deposited at room temperature by
are undesirable and much effort was undertaken to theoretion beam sputtering technique on a 6&0+thick (100 Si
cally study these phenomena by way of modeling andwvafer covered with native oxide. Details concerning sample
simulation?=® preparation may be found in Ref. 13. An estimate of the total

The buckling phenomenon is unambiguously attributedstress value in Au and W films has been obtained by mea-
to a relaxation of the elastic energy stored in the film. How-suring the three-dimensional buckling dimension or by ap-
ever, the small dimensions of the buckling have so far preplying the curvature method using a thinner substrate of the
vented one from obtaining direct strain/stress measuremensame nature such as $i00 wafer, for instance, with a
at the buckling location to support these theoretical resultsspecific geometry which may prevent thin film bucklihg.
Techniques like wafer curvature are used to measure th€he average stress value is abet850-80 MPa for gold
overall average stress in these films, but do not have thfiims and—3.0+0.4 GPa for W films.
spatial resolution needed to map strain/stress on and around a The x-ray microdiffraction beamline setting at the Ad-
buckling” The micro-Raman technique may be applied forvanced Light Source has been described in detail

elsewherd?!* The instrument is capable of achieving an

. 2 . .
3Author to whom correspondence should be addressed; electronic maik-r&y spot size on the _sample of dm l?y using a pair of
philippe.goudeau@univ-poitiers.fr elliptically bent Kirkpatrick—Baez focusing mirrors and was
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i FIG. 1. (a) Optical microscope image of an approxi-
1875 mately 54um-diam blister in a 630 nm thin Au film
deposited on Sitb) Corresponding stress map obtained
by uSXRD. The stress intensity scale is expressed in

MPa units.
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designed for white beam as well as for monochromatic beararea illuminated by the x-ray beam is biaxiar,{(= oy,
microdiffraction experiments. Monochromatic beam with en-= o) with no o, shear component, we have the classical “
ergy ranging from 5.5 to 14 keV is obtained by inserting ad” vs sin?W relation

four-crystal(111) Si m(_)npchrom_ator i|_1 th_e path of the v_vhite (d—dg)/do={(1+ »)/E}o SiP ¥ —{2v/E} o, (1)
beam. One characteristic of this design is that the white and hereE is the Yi ) dul dthe Poi 's ratio of
the monochromatic beam paths are colinear allowing for théﬁ’] ere : IS | eThountgs mo tl:] us anl Iet é)lsspn strr]a IOI 0
illumination of the sample with either type of radiation at the Ef[ ma_erlg% etﬁerieas 'S.r?;n IC? C;J a et u?mgd f'? slope
same exact location. The sample sits on an XYZ Huber stagge ermined from VS SIT plot. o a textured 1l mE .
and can therefore be raster scanned under the x-ray micr indv are replaced by expressions which are function of their

beam. At each step, a diffraction pattern is collected via aela,St'? compliances value,,. For m;tance, for aj11D)
0x9 cm area CCD detector. A Ge solid state detectoPn'aX'a"y textured face centered cubic struct(da), thed

coupled to a multichannel analyzer is also used to collect’® sirf W relation becomes

fluorescence signal. (d—dg)/dg={Syd2} o SirP ¥ —{(2S;,+ 4S;,— Sss)/3} 0.

In the thin films, buckling is first identified using an 2
optical microscope and its positions are precisely measuret@his formalism has been applied in first approximation for
with respect to a visible reference position also identifiableanalyzing our x-ray diffraction data. It allows one to get in a
by x-ray microfluorescence. We chose a step corner realizesimple way the average in depth residual stress state in the
during the deposition process with a thin silicon mask. Thisfilm and to follow its evolution over the buckling. One may
allows one to precisely locate the region of interest with thekeep in mind that the stress value is dependent on the direc-
x-ray microbeam. Buckles are then scanned using a 10—1%on of x-ray which is they-scan axis in our case. This con-
um step size and a typicalX®@ um? x-ray spot size on the sideration is important in the case of tungsten films because
sample surface; at each step a diffraction pattern is collectetthe stress state in the wrinkles along principal in plane direc-
with the CCD camera. Geometrical parametgeglial and  tions is not isotropic ¢# oy,). Concerning the reliability
angular positions of the CCD detector with respect to theof our stress mapping, we assume that the surface curvature
incoming beam direction and the illuminated area on thedoes not affect the precision on stress measurement. Indeed,
sample are determined by taking a white beam diffraction the radius of surface curvatutéor instance, 135um in Au
pattern of the Si single crystal substrate. A custom softwardlm blistery is much larger than the x-ray spot siZ&x3
rapidly indexes the Si pattern and provides the required calizm?).” On the contrary, the variation of the normal to the
bration parameters by nonlinear least square fitting. sample surface during the buckling scan may sensibly influ-

The grain size(<10 nm being typically much smaller ence the stress vald® For instance, a maximum deviation
than the beam size for all samples, the CCD frame yields af 12° may be expected for a Au blister with a width of 54
“powder”-type ring with monochromatic beam. CCD dif- um and a height of 2..am. It corresponds to x-ray measure-
fraction patterns were taken in reflection mode, with thements done at the frontier zone between adherent and buckle
sample making an angle of 45° with respect to the incomindilm regions. Of course, this angle is nil at the top of the
x-ray beam and the CCD on a vertical slide at about 35 mnbuckling. In order to appreciate the normal rotation effect,
above the point of impact in the sample. The intensity distri-we calculated the resulting maximum variation for the stress
butions on the rings are consistent with a preferefidll)  in the case of gold buckling; a magnitude decrease of about
and(110 fiber texture for gold and tungsten, respectively. 15% is expected, the stress sign remaining the same. The

Residual stresses within a sample can be determined kstress is then overestimated at the beginning of the relaxation
measuring the induced change in lattice constant with x raygrofile (frontier zone. Independent of this geometrical
The analysis of the diffraction patterns consists in applyingeffect, an extension of thg-angular domain of measurement
the “d vs sirf ¥” technique™®to the rings, wheresis the  would also greatly increase the precision on stress
angle between the surface normal and the normal to the didetermination.
fracting planes. Indeed, each point on a given ring corre- Figure 1b) shows the output of suSXRD scan per-
sponds to a differengs value. For that purpose, knowing the formed over a circular blistefdiameter=54 um) of a 630-
geometrical calibration parameters and the direction of the@m-thick Au film on Si[Fig. 1(a)]. The scan over the blister
surface normal, the CCD diffraction pattern is converted intowas performed in 1Qum step using a 300 s exposure time
a 26—y frame. and a monochromator energy of 6 kéM=0.2066 nm. The

With the assumption that the average stress under thetress map shows that the stress in the adherent film in the
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fom FIG. 2. (a) Optical microscope image of wrinkled re-
g -1500 gions close to a step in a 300 nm thin W film deposited
— on Si. (b) Corresponding stress map obtained by
> uSXRD. The stress intensity scale is expressed in MPa
units.
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